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Abstract 
Hydraulic structures underlie extraordinary conditions due to their prominent function and 
exposure. Thus, high demands have to be made both on construction and maintenance or repair 
of the structures, respectively. In order to fulfill these demands new and special technologies 
have to be developed that ensure an effective construction and guarantee to meet the planned 
service life of the building required by the owner.  
Against this background two innovative methods for both construction and repair of hydraulic 
concrete structures are presented in the present paper. The methods are based on modern 
concrete technology and enable to either build concrete dams in flowing water or perform 
concrete repair below the water level. Both methods were developed at the Institute of Concrete 
Structures and Building Materials at the Karlsruhe Institute of Technology (KIT), Germany and 
were applied in practice for construction of the Bribin underground hydropower plant in 
Indonesia and for repair of the river hydropower plant of Albbruck-Dogern in Germany. 
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1. Part I – Construction of Cofferdams in Flowing Water 
1.1 Preliminary remark 
Within the scope of a German-Indonesian joint project, funded by the German 
Federal Ministry of Education and Research (BMBF), a hydropower plant with an 
underground concrete barrage was initiated, planned and built during the years 2002 to 
2006 in the Bribin cave near the city of Wonosari, Indonesia. During the dry season, it 
provides an urgently required water supply for the karst region Gunung Sewu in central 
Java (Müller et al. 2008; Nestmann et al. 2008). In the meantime the pilot plant has been 
successfully tested and operated and was commissioned to the Indonesian government 
in March 2010 (Nestmann et al. 2011). 
It was the general task of the Institute of Concrete Structures and Building Materials 
at the Karlsruhe Institute of Technology (KIT) to develop and provide the principles to 
construct the concrete barrage based on locally available building materials and 
technologies. Due to the extraordinary conditions of the underground construction site 
with a year-round aquiferous river, poor accessibility and little working space, the 
technological options were furthermore restricted. Due to the implementation of 
exceptional technological solutions, the barrage could be finished despite earthquake 
and flood events and has proved its serviceability during operation within the last years 
(Bohner et al. 2009; Breiner et al. 2011).  
One technological solution, which will be subsequently presented in detail, was 
required due to the special condition, that the year-round river could not be bypassed or 
temporarily dammed up, e. g. by a sheet pile wall. Thus, it was necessary to develop a 
novel technology that allowed for the construction of cofferdams out of concrete in 
flowing water.  
1.2 Design of the barrage 
The dam structure consists of three separate functional elements, which are two 
cofferdams, the platform including a valve chamber and parapet walls and the multi-
angular concrete barrage (Figure 1).  
Both cofferdams are located upstream and downstream of the building site and serve 
as lateral boundaries for the river during drainage of the building site. At the same time 
they are the permanent supports for the flood relief lines. The platform is surrounded by 
parapet walls to prevent a possible flooding of the installations caused by backwater 
from downstream. It encloses the valve chamber which gives access to the sliding 
valves being part of the flood relief lines. The platform is connected with the multi-
angular shaped concrete barrage by an expansion joint that allows certain displacements 
of the single structural elements caused by settlements and changing storage levels. 
1.3 Construction of cofferdams out of prepacked underwater concrete 
In order to build the barrage it is necessary to drain the construction site over the 
entire width of the water-bearing cave. The usual measures, where parts of the river bed 
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are separated by piling, were not possible in the present case due to limited accessibility 
and space within the cave (height x width  m x 12 m). Thus, a new construction 
concept had to be developed that allowed for the installation of the cofferdams in the 
flowing water upstream and downstream of the construction site perpendicular to the 
flow direction over the clear width of the cave. The entire discharge was channeled over 
the two flood relief lines. Their water intake and outlet parts were embedded into the 
cofferdams.  
The unique characteristic of the concept is based on the challenging condition that 
the construction of the cofferdams as massive and tight concrete elements was 
performed in the flowing watercourse. Since the established procedures for the 
construction with underwater concrete in stagnant water could not be applied, a special 
procedure was developed in close cooperation with the Institute for Water and River 
Basin Management (IWG) at the Karlsruhe Institute of Technology (KIT), which is 
based on a combination of prepacked concrete and underwater concrete. 
 
Figure 1. Sketch of the structure of the hydro power plant (longitudinal section, without  
hydraulic components) with the functional elements cofferdam, flood relief line, barrage 
and platform with valve chamber 
In this procedure a bulk of rough, crushed rock material (maximum aggregate size 
150 mm) is placed on the river bed after it has been cleared from gravel and loose rocks 
and cleaned from sediment by water jetting. The so called prepacked assembly leads to 
a significantly reduced flow velocity of the river water in the hollow spaces in the 
resulting grain structure. The aim of the approach is to reduce the flow velocity of the 
water so much that mortar can be filled between the prepacked rock material without 
being washed out before hardening.  
The flow velocity can be even more decreased if a geotextile (e. g. jute) is applied 
on the shoulders of the dam, which is in addition loaded with sandbags or with a bulk of 
small-grained gravel (see Figure 2). Afterwards a flowable, hardly segregating and 
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erosion-resistant cement mortar is filled in between the loose rock material through 
tubes which are installed vertically into the bulk beforehand. The mortar displaces the 
water in the hollow spaces in the grain structure and subsequently hardens to complete 
the desired cofferdams (see Figure 2). 
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Figure 2. Schematic drawing of a cofferdam constructed in flowing water with prepacked concrete 
During construction of the cofferdams the river water is initially flowing through 
parts of the prepacked rock dam being not yet filled with mortar. When progressing the 
filling of mortar the water is increasingly directed through the flood relief lines which 
are designed to drain the entire discharge during the construction process, and which 
had been placed before the cofferdam construction was started.  
1.4 Mix design of cement mortar 
The mix design of the cement mortar has to be specially adjusted to exclude flushing 
and segregation of the mortar as well as a noteworthy increase of the water/cement-ratio 
which as a consequence would lead to a poor strength of the cofferdam structure. 
By means of comprehensive preliminary tests a suitable mix design was developed 
(see Table 1). Besides ordinary Portland cement (CEM I 32.5 R) it includes sand with a 
maximum aggregate size of 2 mm, water and carefully adjusted amounts of underwater-
compound and superplasticizer based on polycarboxylatether. 
Table 1. Composition of the cement mortar used as filler in prepacked concrete 
base material quantity 
cement (CEM I 32.5 R) 700 kg/m3 
water 345 kg/m3 
sand 0/2 1045 kg/m3 
superplasticizer < 1.2 % by mass of cement 
underwater compound 1.5 … 2.0 % by mass of cement 
1.5 Large scale test 
Both the suitability of the mixture and the applicability of the concreting procedure 
were demonstrated in a large scale test which took place in December 2004 in the 
Theodor-Rehbock-laboratory of the IWG. 
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A cofferdam with a height of 0.6 m, a width of 1.8 m and a length of 2.5 m was 
banked up with stones (fraction 50 mm to 150 mm) across a channel and covered with 
jute and gravel. Tubes were arranged vertically in the dam with a distance of approx. 
0.6 m to each other (see Figure 3), which were used to fill in the mortar in tiers while 
the water in the channel passed in the beginning of the test through and later over the 
dam (discharge approx. 60 l/s).  
 
Figure 3. Cofferdam made of rock and gravel with a layer of textile in a large scale test at the Theodor-
Rehbock laboratory of the IWG 
The result of the large scale test was successful and promising and therefore 
demonstrated the feasibility of the method.  
1.6 Construction of cofferdams in Bribin cave 
Since the procedure turned out to be well applicable it was decided to construct the 
cofferdams in Bribin cave according to the presented method. Both cofferdams were 
built in summer 2005 after installation of the flood relief lines. Afterwards the building 
site, i. e. the area between both cofferdams, was drained, leveled and cleaned from 
sediments (see Figure 4). The concrete barrage was completed in January 2008. Figure 
5 shows the upstream side of the finished concrete barrage and the upstream cofferdam 
covered partly with sandbags and mud.  
 
Figure 4. Building site and upstream cofferdam with additional layer of sandbags and both flood relief 
lines 
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Figure 5. Upstream side of the finished concrete barrage and cofferdam covered with sandbags and mud 
2. Part II – Concrete Repair Below Water Level 
2.1 Preliminary remark 
Compared to other civil engineering structures hydraulic concrete structures are 
exposed to particularly severe environmental conditions (e. g. frost attack in 
combination with high water saturation of the concrete) which can lead to multifaceted 
deterioration mechanisms. As a result of these environmental exposures the lifetime of 
hydraulic structures can be reduced significantly and therefore the serviceability cannot 
be assured. Especially, the partially old age of the existing hydraulic structures supports 
the need for appropriate repair concepts in connection with efficient repair materials. 
Moreover, maintenance and consequently repair measures at hydraulic structures like 
water power plants must be realized under operating conditions for economic reasons.  
To guarantee the required service life of hydraulic structures it is inevitable to 
perform periodic inspections and consequently repair work, if necessary. Therefore 
appropriate repair concretes and repair technologies must be available to keep up the 
durability of the structures. In addition to the standards DIN 1045-2 (2001) and DIN EN 
206-1 (2001) the technical guideline ZTV-W (2004) contains specific requirements 
which have to be considered to ensure the durability of hydraulic concrete structures. 
The development of an effective repair concept requires an extensive analysis of the 
concrete structure by means of advanced testing and diagnostic methods. This is the 
prerequisite to determine exactly the actual condition of the whole concrete structure. 
Based on a comparison between the actual and the nominal condition of the hydraulic 
structure, a decision upon the necessity, the dimension and the point in time for the 
repair measure as well as the type of repair measure can be made. 
Within the scope of the German-Russian joint project “Integrated Water Resources 
Management in the Catchment Areas of the Rivers Volga and Rhine using the Example 
of Problem Regions” (Sub-project 3: Life Cycle Management for hydraulic engineering 
structures) new concepts for an effective maintenance of hydraulic concrete structures 
were provided by the authors. Besides the formulation of a lifetime management 
concept by means of probabilistic methods a durable repair concrete as well as an 
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innovative repair concept were developed (Müller and Vogel 2004; Müller and Vogel 
2007). 
In the subsequent sections, the results of the project work regarding selected 
building components of the investigated Russian hydropower plants Volzhskaja and 
Saratovskaja are briefly shown. Finally, the successful application of the developed 
repair concept and the respective repair concrete at the hydraulic power plant of 
Albbruck-Dogern in Germany is reported. 
2.2 Maintenance of hydraulic structures 
2.2.1 Preliminary investigations 
A key aspect within the development of the new maintenance concept is the 
consideration of the specific boundary conditions, e. g. extreme climatic and mechanical 
exposure as well as demanding maintenance conditions. Consequently, the Russian 
hydropower plants Volzhskaja and Saratovskaja were selected for detailed technical and 
scientific preliminary investigations (see Figure 6). 
The hydropower plant Volzhskaja, put into operation in 1961, is located north of the 
city of Volgograd. The hydropower plant Saratovskaja, nearby the city of Balakovo, 
operates since 1968. Due to the dimension and complexness of the hydropower plants it 
was necessary to focus the preliminary investigations on the representative problem 
regions of the hydraulic concrete structures (e. g. the weir system).  
 
Figure 6. Overview on the hydropower plants at the Volga-Kama-Cascade (left); hydropower plant 
Saratovskaja (top right); hydropower plant Volzhskaja (bottom right) 
In addition to intensive visual inspections and qualitative tests on-site, different 
types of concrete core samples were taken from the Russian hydropower plants in the 
course of the preliminary investigations. These samples were investigated in Germany 
at the Karlsruhe Institute of Technology (KIT) in the laboratories of the Materials 
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Testing and Research Institute (MPA) (Müller and Vogel 2007). The results of these 
preliminary investigations provided the basis to assess the actual condition and to 
predict the future condition of the hydraulic structures. Furthermore, the test results of 
the concrete cores revealed the relevant material parameters on which the development 
of the repair concrete was based. 
2.2.2 Development of a repair concrete 
To guarantee a durable repair measure at the hydraulic structures the repair concrete 
has to be adapted to the existing concrete with respect to its mechanical properties. This 
problem can be solved within a design were the relevant material parameters, such as 
the compressive and the tensile strength as well as the modulus of elasticity, are 
carefully adjusted to the existing concrete. Furthermore, these parameters are of 
outstanding significance for the bond between repair material and existing concrete. 
Beyond that, the repair concrete must be also durable enough to withstand the severe 
environmental conditions which exist at the hydropower plants in Russia. In this context 
the high frost resistance of the repair concrete has to be considered in detail. Based on 
the variability of the material parameters of the structural concrete, three repair 
concretes with different mechanical properties were developed which can be selected 
depending on the respective field of application at site. 
Besides the mentioned requirements on the hardened concrete properties the repair 
concrete had to be workable, pumpable and suitable for compaction. Generally, the 
concrete mixture had to be robust enough to be produced and utilized under the 
environmental and technical conditions at German and especially at Russian power 
plants. 
The development of the concrete mixtures was carried out in cooperation with the 
German industry partner MC Bauchemie (head office in Bottrop, Germany) and the 
consulting engineers SMP Ingenieure im Bauwesen GmbH (head office in Karlsruhe, 
Germany). 
2.2.3 Development of a repair concept 
A major objective of the project was the development of a new repair concept which 
allows a reconditioning below the water level and especially in the tidal zone. In 
particular, the frost damages in the tidal zone of the hydropower plants in Russia are 
severe.  
In the course of the development work different concrete blocks (test specimens) 
were produced with cut-outs to simulate the frost damaged areas in the tidal zone, see 
Figure 7. 
A first series of concrete blocks, having a length of 1.25 m and a height of 1.35 m, 
were tested whereas the surface texture (e. g. chiseled surface), the depth and the angle 
related to the cut-out was varied, see Figure 7 (left). By using a special formwork (see 
Figure 7, middle) the filling of the cut-out with concrete from the bottom to the top 
could be realized by means of a concrete pump. About 70 % of the height of the 
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specimen was stored in water during the test procedure, see the white dashed line in 
Figure 7 (right). In order to draw initial conclusions from this test program related to 
practicable concreting steps further tests with large concrete blocks (length of nearly 
4 m) were performed (Müller and Vogel 2007). 
The whole concreting procedure in the laboratory can be divided in several steps. At 
first the cut-out has to be formed and sealed. Following, the pump tubing from the 
concrete pump has to be fixed at the filler neck, see Figure 7 (middle). The placing of 
the repair material into the cut-out displaces the water which flows out of the formwork 
through the vent holes, see Figure 7 (middle). The flowing water indicates that the 
repair concrete is filling the whole cut-out. 
 
Figure 7. Concrete block with a cut-out to simulate the damaged area (left); formed concrete block with a 
special formwork (middle); stripped concrete block with boreholes (right) 
As mentioned before, the repair material has to be adjusted to satisfy several 
aspects. On the one hand, the bond between repair concrete and existing concrete has to 
be guaranteed. On the other hand, flaws within the repair material should be minimized. 
Therefore, the fresh concrete has to exhibit three important properties: it must be self-
compacting, it must be pourable and it must have a high cohesion.  
The results of the large scale tests show that the repair measures in the area of the 
tidal zone can be realized in the manner described above. Measures to lower the water 
level at hydraulic structures are not required and therefore these special repair measures 
can be applied at hydraulic structures which are in full service. 
For the assessment of the quality of the repair measures several concrete core 
samples were taken from the concrete blocks, see Figure 7 (right). Here, particularly the 
bond between the repair material and the given concrete was tested intensively. The 
tensile strength in the bond zone reaches nearly the cohesive strength of the repair 
material. A zero-defect structure of the hardened repair concrete could be proven as 
well. The results of further investigations provided that the mechanical characteristics 
and the durability properties of the repair concrete fulfilled the defined performance 
criteria. 
31 Harald S. Müllera et al. /  Procedia Engineering  54 ( 2013 )  22 – 38 
2.2.4 Application in practice 
The results of the large scale tests provided a solid basis to implement the developed 
repair technology in practice. The application in practice was realized on the 
hydropower plant of Albbruck-Dogern in Germany.  
The hydropower plant of Albbruck-Dogern 
The hydropower plant of Albbruck-Dogern was built in the years from 1929 to 
1933. It is situated between Konstanz and Basel at the German-Swiss borderline. This 
power plant is the first barrage in the High Rhine at the Aare-mouth, see Figure 8. A 
single-track street is connecting both watersides (Press 1967). 
 
Figure 8. The hydropower plant of Albbruck-Dogern, view from downstream 
The power plant of Albbruck-Dogern has a design head of about 9 m and an 
installed capacity of 84 MW. The design discharge is 1100 m3/s and the annual energy 
production is 580 GWh. 
Damaged areas  
One of the weir pillars was damaged in the region of the tidal zone. Here, local 
outburst and erosion of concrete were observed, see Figure 9 (left; the white ellipse 
marks the damage zone at the weir pillar). The identified deterioration of the concrete 
structure results basically from the combination of frost-thaw attack and a dynamic load 
due to erosion. Figure 9 (right) shows the damaged zone above the water level in detail. 
The bigger part of the damaged concrete area was below the given water level. Several 
core samples were taken from the weir pillar area to quantify the properties of the 
existing concrete. 
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Figure 9. Damaged weir pillar at the hydropower plant of Albbruck-Dogern: outburst and erosion of 
concrete at the weir pillar (left); the damaged zone above the water level in detail (right) 
Due to the operating conditions of the power plant it was not possible to lower the 
water level more than it is shown in Figure 9. For that reason, for a repair measure at the 
damaged weir pillar at the hydropower plant of Albbruck-Dogern special requirements 
had to be considered. These were achieved by using the developed repair concrete and 
the respective repair concept, see chapters 2.2.2 and 2.2.3. 
The repair concrete – practical application 
On the basis of the results of the detailed investigations of the structural concrete 
special performance criteria concerning the durability and the mechanical behavior of 
the repair material were defined to guarantee an effective and durable repair measure at 
the damaged weir pillar. On the one hand this includes the mechanical compatibility 
between the existing structural concrete and the repair concrete. On the other hand the 
repair concrete has to withstand the complex environmental exposure which is given at 
the hydropower plant. Further characteristics of the repair concrete are e. g. reduced 
shrinkage, good bond strength to the existing structural concrete, a high resistance 
against frost as well as erosion and a certain permeability to avoid the accumulation of 
water on the rear side of the existing concrete.  
In addition, it was necessary to examine the concrete workability in practice. This 
was verified within the concrete development in the laboratory as well as by testing the 
fresh and hardened concrete properties during the construction process. The fresh repair 
concrete must be pumpable, workable, robust against erosion and suitable to 
compaction, see also chapter 2.2.2. The concrete was made according to the defined 
requirements and consequently it showed self-compacting characteristics.  
Repair and monitoring measures 
The repair measure at the weir pillar of the hydropower plant of Albbruck-Dogern 
was done on behalf of the Schluchseewerk AG and realized by the company Nautik 
GmbH (Keppler & Vitt). This company possesses the equipment and the experience to 
perform the planned repair work in the tidal zone and below the water level. The repair 
measure was supervised by the authors. The repair concrete was ready-mixed in the 
concrete factory of the Tröndle GmbH and transported to the hydropower plant 
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Albbruck-Dogern. The distance between the concrete factory and the hydraulic structure 
is about 20 km.  
As the first step of the repair measure the dimensions and the geometry at the 
damaged weir pillar were defined. In a second step a 20 cm deep cutting was done along 
the defined concrete zone. Subsequently, the damaged concrete was chiseled out up to 
the underlying undamaged concrete zones which were found in this case in a depth of 
10 cm to 60 cm (measured from the concrete surface), see Figure 10.  
 
Figure 10. Damaged weir pillar at the hydropower plant of Albbruck-Dogern: the carved and chiseled 
concrete zone (left); the placed anchors with fixed reinforcement mesh and installed sensor (see the 
white arrow) for temperature measurement (right) 
The width of the repair zone was about 2.5 m, the height about 3.5 m. The placing 
of anchors and the fixing of the reinforcement closed the preparatory operations, see 
Figure 10, right side. The installation of the anchors and the reinforcement are only a 
precaution in case of failure of the bond between the existing structural concrete and the 
repair concrete. However, against the background of the extensive investigations 
concerning the bond between repair concrete and the structural concrete (see chapter 
2.2.3) a failure of the bond zone is very improbable.  
For the measurement of the temperature as a function of depth six sensors were 
installed along a steel bar, see the white arrow in Figure 11. Sensor T6 was for the 
measurement of the air temperature at the concrete surface and the sensors T1 to T5 
were for the measurement of the concrete temperature in different depths. The depths of 
the installed sensors are T1: 5 mm, T2: 25 mm, T3: 150 mm, T4: 280 mm and T5: 
400 mm, beginning from the surface of the concrete. 
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Figure 11. Damaged weir pillar at the hydropower plant of Albbruck-Dogern: installed sensors (T1 to T5) 
along a steel bar for the measurement of the concrete temperature in different depths and sensor T6 for 
the measurement of the air temperature at the concrete surface 
Finally, a special formwork was mounted over the chiseled concrete zone at the weir 
pillar, see Figure 12 (left). After the preparatory steps the repair concrete was pumped 
into the chiseled concrete zone according to the concreting procedure explained in 
chapter 2.2.3. The pump tubing of the concrete pump was fixed at the first filler neck 
under the water level by means of a diver. Afterwards the repair concrete was pumped 
into the chiseled zone through the filler neck which was below the water level (not 
visible in Figure 12). After the repair concrete reached the second filler neck (visible in 
Figure. 12, see the lower white arrow) above the water level, it was closed. 
Furthermore, the repair concrete was pumped until it reached the vent hole which 
controlled the dewatering and the uniform filling of the chiseled concrete zone with 
repair concrete, see the upper white arrow in Figure 12.  
To ensure the traffic over the single-track street there was only a time frame of one 
hour for placing the concrete pump at the right position, fixing the pump tubing at the 
filler neck below the water level and filling the chiseled area with repair concrete as 
well as for removing the whole equipment. Due to the precise planning process the on-
site repair work was managed in 50 minutes. For this repair task about 3 m3 of repair 
concrete were pumped into the chiseled concrete zone. 
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Figure 12. Damaged weir pillar at the hydropower plant of Albbruck-Dogern: the special formwork 
mounted over chiseled concrete zone (left); concreting procedure by means of a concrete pump (right) 
After three days of curing the special formwork was dismantled. The visual 
examination of the repair zone revealed a very good compaction of the repair concrete 
and good bond behavior at the flanks between the repair concrete and the existing 
structural concrete, see Figure 13. 
The controlling of the durability and the mechanical properties of the repair concrete 
was done on samples which were concreted parallel to the maintenance measure. The 
obtained material parameters complied with the required performance criteria. Future 
investigations will show if the applied repair concrete at the weir pillar, which is 
exposed to the severe environmental conditions, is going to fulfill the defined 
performance criteria related to the durability and the mechanical behavior. 
Furthermore, the monitoring of the temperature will help to assess the real exposure 
conditions at the repair zone and especially in the existing structural concrete and the 
repair concrete. Results of the temperature measurement over a period of one year are 
shown in Figure 14. By means of the ongoing monitoring the seasonal variations of the 
temperature may be recorded. 
The monitoring data provides the basis to perform a long-term assessment of the 
condition on the repair zone regarding the severe environmental attacks, especially the 
frost attack. This condition assessment can be realized e. g. by use of appropriate 
probabilistic methods. Detailed investigations related to the monitoring of temperature 
and moisture distribution in concrete profiles for modeling the frost attack must be 
studied within the scope of further research. 
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Figure 13. Damaged weir pillar at the hydropower plant of Albbruck-Dogern: repair concrete below the 
water level (left); repair concrete above the water level with visible sensor cable (right, see the white 
arrow) 
 
Figure 14. Results of the temperature monitoring (the period of measurement was from  
October 26, 2009 to November 1, 2010) 
3. Conclusions 
Within the scope of two joint projects by the Federal Ministry of Education and 
Research (BMBF) innovative concepts for the construction and repair of hydraulic 
concrete structures were developed. Based on comprehensive research activities novel 
methods were established that allowed for the construction of concrete members in 
flowing water and the repair of existing damaged concrete components below the water 
level.  
As key results, the accomplished research works provide both unique and 
practicable on-site construction methods and materials that are especially adjusted using 
the tools of modern concrete technology to meet the high demands on workability and 
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long-term durability. Thus, the concrete works can be carried out in the water, i. e. 
without bypassing the flowing watercourse or lowering the water level, respectively, 
which is a significant economical advantage. 
Both innovative methods were successfully tested in the laboratory on a large scale 
and subsequently proofed their applicability when implemented at existing hydraulic 
structures in Germany and Indonesia.  
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